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Abstract
We report on the observation of the spin Seebeck effect in Ni-Zn ferrites slabs
with different Zn concentration. All samples have a spinel structure confirmed
by XRD and TEM. We fully characterize the magnetic properties by VSM and
Mo¨ssbauer spectroscopy. Samples exhibit a nonmonotonic magnetization be-
havior depending on the structural inversion parameter, however we found a
spin Seebeck response voltage of about 25.5 nV/K independent of the magneti-
zation and the inversion degree.
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1. Introduction
The generation of spin current induced by an applied thermal gradient via
the spin Seebeck effect (SSE)[1] is one of the most remarkable effects in the
growing field of spin caloritronics[2, 3]. The SSE has been observed in a great va-
riety of materials with different electrical (conductors[4] and insulators[5, 6]) and5
magnetic (ferromagnetic or ferrimagnetic, weak ferromagnetic[7], antiferromagnetic[8,
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9], and paramagnetic[10]) properties, both in thin film, including heterostructures[11,
12], and bulk materials[13, 5, 14, 15, 16].
The SSE is a thermoelectric effect mediated by the spin degree of freedom.
When a magnetic material (FM) is subjected to a temperature gradient gen-10
erates a spin current parallel to the thermal gradient. This spin current is
detected in an attached normal metal (NM), with high spin-orbit coupling, as
an electromotive force by means of the inverse spin Hall effect (ISHE)[17].
Despite the intense work being carried out by different research groups, the
mechanism underlying the SSE is still under discussion[18, 19, 20, 21, 22]. The15
role of the magnetic order, the different length scales of the materials involved,
effects at the interface, the surface magnetization, among others, are still active
research lines[23, 24, 25], e. g. in YIG, Aqeel et al.[26] demonstrated that
surface properties strong influence the SSE response by preparing samples with
different surface quality. On the other hand, Kalappattil et al.[27], very recently,20
reported surface magnetic anisotropy dependence in bulk YIG slabs, showing
the importance of surface magnetization in the SSE measurements.
We recently reported the observation of SSE in the weak ferromagnetic Zn
ferrite[7] with considerable voltage response despite the negligible magnetiza-
tion. This result suggest that the SSE signal is independent of the FM magne-25
tization saturation. The SSE in these types of ferrites might be also influenced
by the surface magnetization in the FM.
The SSE in the longitudinal configuration has been investigated in a variety
of spinel ferrites such as Cobalt[28, 29], Nickel[30, 31] and Zinc ferrites[7], espe-
cially in thin films. In this paper we systematically investigated the saturation30
magnetization dependence of the SSE in the isostructural spinel Ni-Zn ferrites
by varying the Ni and Zn content.
2. Experimental procedure
Samples consist of a series of polycrystalline Ni-Zn ferrites (NZFO) slabs
with a mechanically polished surface on which 8.5 ± 0.5 nm Pt film was sput-
2
tered for ISHE detection. The well polished surface allows flat deposition free
from defects at the interface, even thorough different grains as shown in fig. 1(a).
All samples were prepared using the standard solid state reaction method, mix-
ing thoroughly the oxides with the proper stoichiometric amounts according to
equation:
(1− x)NiO + xZnO + Fe2O3 → Ni1−xZnxFe2O4,
with x = 0, 0.3, 0.4, 0.5, 0.7 and 1. The corresponding notation in what fol-
lows will be NFO, NZFO 30, NZFO 40, NZFO 50, NZFO 70 and ZFO, where35
NFO and ZFO correspond to Ni and Zn ferrite respectively, and the number
indicates the Zn percentage of each sample relative to Ni content. The raw ma-
terials were powders of ZnO (Merk 99%), NiO (99.9%) and α− Fe2O3 (Merk
99.9%). Resulting mixture were calcined in air at 1150 ◦C for 12h, then were
pressed uniaxially into rectangular shaped slabs with dimensions of 7.0×2.0×0.540
mm3 as shown in fig. 1(b), and finally were sintered at 1300 ◦C for 24 h. We
performed structural and magnetic characterization by using X-ray diffraction
(XRD), Scanning/Transmission electron microscope with high Angular Annular
dark field (STEM-HAADF) detector, vibrating sample magnetometry (VSM)
and Mo¨ssbauer spectroscopy methods.45
We performed the SSE measurements in the longitudinal configuration where
a spin current is induced from the NZFO slab to the Pt layer due to a tempera-
ture difference (∆T ) applied across the NZFO/Pt bilayer structure (z-direction)
in the presence of a magnetic field parallel to the interface (x-direction). The
spin current is converted into an electric voltage (y-direction) by means of the50
ISHE in the Pt layer. Nowadays it is known that effects of temperature dif-
ference in the thermal contacts can affect the magnitude of the SSE signal, as
was recently demonstrated by Sola et al.[32]. We also measured the anomalous
Nernst effect (ANE)[33] in the FM, and the proximity anomalous Nernst effect
(PANE) in the deposited NM in order to rule out spurious signals. ANE was the55
same geometric configuration as the SSE. The absence of the proximity induced
anomalous Nernst effect was also confirmed by measurements under an in-plane
3
thermal gradient and a magnetic field applied perpendicular to the NZFO/Pt
interface[34]. More details are available in the previous study mentioned above
in Ref. [7].60
3. Results and Discussion
The XRD patterns indicate the formation of a single phase of pure spinel
structures [fig. 1(c)] with the configuration [ZnxFe1−x]A[Ni1−xFe1+x]BO4, where
A and B denote tetrahedral and octahedral sites respectively, in the AB2O4
spinel structure[35]. The parameter δ = 1− x determined the degree of inversion65
of the structure, thus for δ = 0 (x = 1) we have normal spinel structure (ZFO);
for δ = 1 (x = 0) inverse spinel (NFO); and for intermediate values (0 ≤ δ ≤ 1)
mixed spinel (NZFO). The magnetic properties are directly dependent on this
parameter δ as shown below. In particular a small δ value, less than 0.04, is
responsible for a weak ferromagnetic behavior in our samples of ZFO (see Ref.70
[7]).
The diffraction peaks shift towards lower 2θ values as a function of Zn con-
tent, indicating an increase of lattice parameter. The refined values of lattice
parameter [fig. 1(d)] display a linear dependence with Zn concentration. We can
explain this behavior by adding the different ionic radii[36] ([Zn2+]A = 0.600 A˚;75
[Fe3+]A = 0.490 A˚; [Ni
2+]B = 0.690 A˚; [Fe
3+]B = 0.645 A˚) for a unit formula
of NZFO as follows:
x[Zn2+]A + (1− x)[Fe
3+]A + (1− x)[Ni
2+]B + (1 + x)[Fe
3+]B = 1.825 + 0.065x,
which indicates that the total ionic radius linearly increases when Zn is incorpo-
rated into the structure. The same dependence has been previously reported[37,80
38, 39, 40], but with a slightly different interpretation.
We study the crystal structure of all the samples by mean of STEM-HAADF.
fig. 2(a) shows a general profile of lamella Ni0.6Zn0.4Fe2O4. Coherent grains
4
Figure 1: (Color online) (a) Detail of Platinum depostion. Thickness of Pt layer ≈ 8.5 nm.
(b) Photograph of a uniaxially pressed and sintered sample after polishing. (c) XRD patterns
of Ni-Zn ferrites. Zn content increases from bottom to top. (d) Zn concentration dependence
of lattice parameter.
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Figure 2: (Color online) (a) General view profile of lamella Ni0.6Zn0.4Fe2O4 with Pt deposi-
tion and defined grain boundaries (dotted line). (b) ) STEM-HAADF high resolution image
showing the grain boundary detail (c) diffraction pattern of the left grain in b).
with a size of several microns can be clearly distinguished. The Pt layer is
composed by nanograins in the range of 5-10 nm [see fig. 1(a)]. High resolution85
STEM-HAADF image of a grain boundary [fig. 2(b)] shows two typical grain
orientations in perfect agreement with spinel structure, as confirmed by the
diffraction pattern in fig. 2(c).
Atomic percentages obtained by SEM-EDX are in accordance with the nom-
inal composition as shown in Table 1. An EDS analysis using TEM was per-90
formed on a 1 µm line through a grain boundary in all samples. The elemental
composition is homogeneous despite passing through two different grains. It can
be ensured that there are no significant structural defects in grain boundaries.
The magnetization results [fig. 3(a)] show that all NZFO slabs present a
soft magnetic behavior with low coercive fields for all compositions. A non-95
monotonic variation of saturation magnetization depending on the inversion
parameter δ is presented in fig. 3(b). Magnetic measurements were made before
and after Pt deposition. As can be seen in fig. 3(c), the NZFO slabs show a
magnetic anisotropy with in plane easy axis. Aditionally, we ensure that Pt
6
film deposited on the top surface does not significantly affect the bulk magnetic100
properties of the sample. Magnetism in spinel ferrites is well explained on
reference [35]. In a complete normal spinel structure (δ = 1), ZFO presents
paramagnetic behavior at room temperature and have a Neel transition around
9K. However for a small grade of inversion in the spinel structure (δ ≤ 4%) ZFO
exhibit weak ferromagnetism[7]. We measure magnetization saturation of about105
1.2 emu/g [inset fig. 3(a)] in the ZFO sample. Therefore, by variation of Zn
content, NZFO mixed spinel ferrites allow magnetization tuning in isostructural
samples.
Room-temperature Mo¨ssbauer spectra of the investigated samples are dis-
played in fig. 4. In NFO sample, B sites are occupied mainly by Ni2+ ions and110
thus half of the Fe3+ ions occupy A sites while the other half B sites, forming
an inverse spinel. The spectrum consist of two well defined sextets with isomer
shifts (IS) of 0.25 mm/s and 0.36 mm/s, which are consistent with the pres-
ence of Fe (III) in two different sites[41]. For ZFO sample, the preference of
Zn2+ ions to occupy A sites requires all Fe3+ ions occupy B sites in a normal115
spinel structure. Therefore, the Fe3+ ions in the A sublattice is surrounded by
non-magnetic ions in the B sublattices, resulting in a doublet with IS of 0.36
mm/s and quadrupole splitting (QS) of 0.32 mm/s in agreement with previ-
ous reports[42]. The absence of at least one magnetic sextet indicates that the
Table 1: SEM measured of atomic percentages in NZFO slabs
Sample at %
Ni Zn Fe O
NFO 14.81 – 28.72 56.47
NZFO 30 10.52 2.89 29.44 57.16
NZFO 40 8.82 5.09 29.51 56.57
NZFO 50 7.30 6.40 30.28 56.02
NZFO 70 4.64 9.27 30.70 56.38
ZFO – 13.06 30.27 56.66
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Figure 3: (Color online) (a) Magnetic field dependence of magnetization in NZFO samples.
(inset) enlargement of ZFO M-H curve. (b) Saturation magnetization (triangles) and coercive
fields (squares) as a function of the inversion parameter δ. (c) In plane (IP) and out of plane
(OP) magnetic measurements in NZFO 50, before (continuous line) and after Pt deposition
(empty squares symbol).
inversion parameter is very small (δ < 0.04), below the Mo¨ssbauer detection120
limit. In the mixed spinel NZFO ferrites, the best spectra fitting were obtained
introducing multiple sextets in the B sites, by using a random distribution based
model[43] of Zn2+ and Fe3+ in A sites. Spectra consist of a well defined sex-
tet in A sites (Sext1-A) where all the neighbors of Fe3+ are magnetic (Fe3+ or
Ni2+); and various sextets in B sites, with different values of the hyperfine mag-125
netic field (Heff), due to the different magnetic environments of Fe
3+, caused
by the random distribution of the magnetic ions in the A sites. In NZFO 70
one doublet appears indicating that some Fe3+ ions in B sites have no mag-
netic neighbors as a result of the increased Zn content. We list the Mo¨ssbauer
hyperfine parameters in Table 2. We calculate δ from spectra fit parameters,130
obtaining the expected values according to the samples stoichiometry.
8
-10 -5 0 5 10 -10 -5 0 5 10
-10 -5 0 5 10-10 -5 0 5 10
-10 -5 0 5 10 -10 -5 0 5 10
Tr
an
sm
is
si
on
 (a
.u
.)
NZFO_30
 
 
 
v (mm/s)
NFO
  
v (mm/s)
  
v (mm/s)
ZFONZFO_70
NZFO_50NZFO_40
  
v (mm/s)
  
v (mm/s)
  
v (mm/s) [ht]
Figure 4: (Color online) Mo¨ssbauer spectra of Ni-Zn ferrites. Black points are the experimental
data. Red line is the fit. Green line represent the well defined state of [Fe3+]A ions . The
different blue lines represent various magnetic environments of [Fe3+]B ions.
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fig. 5(a) shows the schematic illustration of the measurement setup for the
SSE. The SSE transversal voltage V as function of the applied magnetic field H
at room temperature for the spinel NZFO/Pt samples is shown in fig. 5(b). SSE
signal was normalized by sample geometry (Lz/Ly) and temperature difference135
(∆T ). In what follows we will discuss about the coercive magnetic field present
in all samples and the independence of the SSE signal with the saturation mag-
netization.
Figure 5: (Color online) (a) Setup to SSE measurement. The temperature gradient is applied
to the FM in z-direction, perpendicular to both the FM/NM interface and sample magneti-
zation which is parallel to the applied magnetic field in x-direction. The response signal is
measured at the ends of the NM according to the ISHE in y-direction. (b) Magnetic field de-
pendence of the SSE voltage for spinel NZFO samples with different Zn concentration (open
figures) and the comparison with its corresponding normalized magnetization curve (solid
line). Magnetization curves are properly scaled to the maximum values of SSE voltage in
order to visually compared both of them.
3.1. Magnetic coercive field: The role of surface roughness
An hysteretic loop is observed in all NZFO/Pt samples with a notable co-140
ercivity of up to 0.3 T approximately which differs significantly from the bulk
magnetization dependence. Similar results were found in Mn-Zn ferrite slabs by
Uchida et al.[13]. They claimed that voltage signal comes from surface magne-
10
tization and suggest the SSE as surface magnetization probe. Saiga et al.[15]
also report an hysteretic behavior in a polycrystalline YIG slab. A different145
magnetic field dependence of the SSE and the magnetization was found in the
first measure of SSE by Uchida in a single crystal YIG micrometer slab[5]. In
this system the voltage does not describe an hysteresis loop but it is suppressed
in the low magnetic field regime. They also demonstrated that the origin of
this behavior is due to an intrinsic surface magnetic anisotropy and is not af-150
fected by YIG/Pt interface[25]. Aqeel et al.[26] studied the influence of the
interface quality on the SSE of the bilayer system single crystal YIG/Pt. They
prepared three different types of surfaces and could explained the suppression of
the SSE signal at low magnetic fields considering the effect of the perpendicular
anisotropy. They also showed that the hysteretic behavior is due to the surface155
roughness and determined that the coercive field increases with the interface
roughness. Therefore, since NZFO were mechanically polished they must have
a high degree of roughness and a hysteresis loop appears in the SSE voltage
when the magnetic field is swept, according to the above reports.
3.2. Spin seebeck response independence on saturation magnetization160
The linear dependence of the voltage VSSE = (V (0.8T) − V (−0.8T))/2 as
a function of the temperature difference ∆T is shown in fig. 6(a). We obtain
the SSE response from the slope of these lines. We can see in fig. 6(b) that all
points are within the range of 25.5±5.4 nV/K, suggesting that the signal is not
dependent on the inversion parameter δ.165
A systematic study in various ferrimagnetic garnet ferrites Y3−xRxFe5−yMyO12
(R = Gd,Ca; M = Al,Mn,V, In,Zr) performed by Uchida et al.[14] showed a
positive correlation between Ms and the SSE response. They claim that Ms
is directly related to Fe content in this samples and therefore the spin-mixing
conductance monotonically increases with increasing magnetic moment density170
at the NM/FM interface. Although previous argument comes from the inter-
face, It is unclear what the surface distribution of magnetic moments from Fe
is. Otherwise, Shan et al. very recently observed a closely related SSE signal
11
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Figure 6: (Color online) (a) Temperature difference dependence of the maximum voltage. (b)
Estimated spin Seebeck response as a function of the structural inversion parameter.
with magnetic behaviour in NFO/Pt samples[31].
fig. 6(b) shows the spin Seebeck response αSSC as a function of the inversion175
parameter δ, exhibiting no sign of correlation between both parameters. As the
samples have similar resistivity, we compare the voltage directly. The Fe atomic
percentage remains constant in the samples for all Zn concentrations as can be
seen on Table 1. However, saturation magnetization Ms in our samples shows
no positive correlation with Fe content, instead it depends on δ which varies180
magnetization not monotonously (as described above) in the isostructural se-
ries of NZFO slabs. It is then assumed that there is no trivial dependence of
the αSSC with the macroscopic magnetic parameters such Ms. Moreover, the
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negligible Ms value in ZFO discards any correlation with SSE response volt-
age. Measurements in thin films would also help to get a insight on this issue.185
Nevertheless, we observed that the SSE has no bulk magnetization dependence
in the isostructural set of NZFO spinel slabs by measurement the SSE voltage
in samples with different δ values, allowing Ms variations. However, the SSE
signal could be correlated to surface magnetization as in YIG slabs[27]. More-
over, as the spin mixing conductance depends on the magnetic density at the190
interface[44, 45], it could be important in the SSE voltage response, even in our
samples, where the Fe content and the crystalline structure remain unchanged,
and the surface of the whole set was polished following the same experimental
protocol.
4. Summary195
We systematically studied the SSE in a series of polycristalline NZFO spinel
slabs by means of the ISHE. Samples have a variable Ms depending on the
structural inversion parameter δ, however the spin Seebeck response remains
constant in the entire series of samples.
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Table 2: Mo¨ssbauer hyperfine parameters of the investigated samples: Isomer shift (IS),
quadrupole splitting (QS), hyperfine magnetic field (Heff), normalized site population (%)
and inversion parameter (δ)
Sample Comp IS QS Heff % δ
1
(mm/s) (mm/s) (T)
NFO Sext1-A 0.25 0.01 49.1 51.1 1.02
Sext2-B 0.36 0.00 52.4 48.9
NZFO 30 Sext1-A 0.27 0.02 47.4 35.5 0.71
Sext2-B 0.37 0.05 39.8 17.0
Sext3-B 0.37 0.01 49.0 24.9
Sext4-B 0.37 0.00 45.4 17.8
Sext5-B 0.37 0.07 43.2 4.7
NZFO 40 Sext1-A 0.27 0.02 46.4 31.1 0.62
Sext2-B 0.35 0.01 39.3 24.3
Sext3-B 0.35 0.01 43.9 17.4
Sext4-B 0.35 0.00 48.2 10.3
Sext5-B 0.35 0.00 27.1 16.9
NZFO 50 Sext1-A 0.29 0.05 44.4 25.7 0.51
Sext2-B 0.38 0.02 37.7 15.0
Sext3-B 0.38 0.02 41.7 19.4
Sext4-B 0.38 0.01 46.7 9.4
Sext5-B 0.38 0.01 33.9 5.5
Sext6-B 0.38 0.00 25.6 24.9
NZFO 70 Sext1-A 0.29 0.06 42.7 13.4 0.27
Doub2-B 0.34 0.44 – 40.8
Sext3-B 0.34 0.07 24.6 26.6
Sext4-B 0.34 0.06 34.7 19.2
ZFO Doub1-B 0.36 0.32 – 100 0.02
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